The aberrant activation of B-cells has been implicated in several types of cancers and hematological disorders. BTK and PI3Kδ are kinases responsible for B-cell signal transduction, and inhibitors of these enzymes have demonstrated clinical benefit in certain types of lymphoma. Simultaneous inhibition of these pathways could result in more robust responses or overcome resistance as observed in single agent use. We report a series of novel compounds that have low nanomolar potency against both BTK and PI3Kδ as well as acceptable PK properties that could be useful in the development of treatments against B-cell related diseases.
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ABSTRACT: The aberrant activation of B-cells has been implicated in several types of cancers and hematological disorders. BTK and PI3Kδ are kinases responsible for B-cell signal transduction, and inhibitors of these enzymes have demonstrated clinical benefit in certain types of lymphoma. Simultaneous inhibition of these pathways could result in more robust responses or overcome resistance as observed in single agent use. We report a series of novel compounds that have low nanomolar potency against both BTK and PI3Kδ as well as acceptable PK properties that could be useful in the development of treatments against B-cell related diseases.
KEYWORDS: BTK, PI3K, p110δ, inhibitor, B-cell, BCR, pyrazolopyrimidine B-cell receptor (BCR) signaling is essential for normal B-cell development, proliferation, and survival. 1 Constitutive activation of the signaling pathway downstream of BCR is a hallmark of Bcell malignancies such as chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL), follicular B-cell non-Hodgkin lymphoma (FL), small lymphocytic lymphoma (SLL), and diffuse large B-cell lymphoma (DLBCL). 2, 3 Inhibition of BCR signaling is used clinically to treat B-cell malignancies, and there are several intervention points in the downstream signaling pathway that are clinically relevant including LYN, SYK, BTK, and PI3Kδ. 3, 4 Bruton's tyrosine kinase (BTK) is a member of the TEC family of nonreceptor tyrosine kinases and is an upstream activator of multiple antiapoptotic signaling molecules and pathways, which include phosphoinositide 3-kinase (PI3K). PI3K constitutes a family of lipid kinases, which, like BTK, are involved in cellular signaling and control a broad number of cellular processes. The PI3K family comprises four isoforms, α, β, γ, and δ that catalyze the phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3), a key signaling molecule that impacts cellular growth, proliferation, chemotaxis, differentiation, and survival.
The approval of ibrutinib 5 (formerly PCI-32765) and idelalisib 6 (formerly GS-1101) by the US FDA between 2013 and 2014 demonstrated the therapeutic benefit of inhibiting BTK (ibrutinib) and PI3Kδ (idelalisib) for the treatment of certain Bcell malignancies such as CLL and MCL. However, de Rooij et al. reported that roughly one-third of patients receiving ibrutinib for CLL and MCL show primary resistance. 7−9 Moreover, it is expected that a percentage of responsive patients who receive prolonged treatment with ibrutinib will develop resistance due to mutations of BTK and phospholipase Cγ2 (PLCγ2), the kinase immediately downstream of BTK. 10, 11 In contrast to ibrutinib, mechanisms for resistance to idelalisib are not as well understood. 12 Although both kinases regulate BCR signaling, they do so via parallel pathways, 13 making combination therapy, either by codosing or with a dual agent, an attractive strategy for potentially achieving deeper durable responses as well as preventing resistance. Herein we report the discovery of reversible dual inhibitors of BTK and PI3Kδ for the potential treatment of B-cell malignancies.
In 2010, the Shokat group at UCSF reported a series of PI3Kδ/γ dual inhibitors, the most potent being SW13 (PI3Kδ IC 50 = 0.7 nM; PI3Kγ IC 50 = 33 nM). 14 Recognizing the structural similarities between PCI-29732, 15 a noncovalent analogue of ibrutinib (1, BTK IC 50 = 8.2 nM), and SW13 (2), Figure 1 , we speculated that appropriately designed molecules could maintain reasonable affinity for PI3Kδ while also demonstrating affinity for BTK.
Toward that end, PCI-29732 was docked ( Figure 2A ) and SW13 was overlaid ( Figure 2B ) onto the BTK binding pocket of structure 3GEN, 16 which has a pyrrolopyrimidine-containing ligand that is otherwise identical to PCI-29732. As expected, the docked pose of PCI-29732 makes the same important interactions as the cocrystallized ligand, namely, two hydrogen bonds with each hinge residue, Glu475 and Met477, as well as a pi−pi interaction with Phe540. The pose for SW13 was achieved by superimposing the pyrazolopyrimidine of SW13 on to the pyrrolopyrimidine of the 3GEN ligand The cocrystallized ligand was then removed for ease of viewing. This perspective view allowed us to quickly assess that the large tolyl-quinazolinone of SW13 would need to be modified to something smaller that would fit in this part of the BTK pocket. Although the propellerlike conformation is favorable for selective binding to PI3Kδ, 17 we decided to address selectivity within the PI3K family at a later time. With this in mind, our initial analogues were designed with the methylene group removed to obviate the propeller-like bend, and the bicyclic-group attached to N-1 of the pyrazolopyrimidine was simplified.
The analogues were prepared following the route in Scheme 1. Starting from iodide 3, 18 a Suzuki coupling 19 with boronic acid 4 afforded pyrazolopyrimidine 5, which was subsequently modified with several mesylates. Treatment of compounds 6−8 with BBr 3 in CH 2 Cl 2 cleaved the methyl-groups to afford the desired compounds 9−11.
To our satisfaction, 9−11 not only retained PI3Kδ activity but also gained activity against BTK, Table 1 . In our assay, SW13 (2) demonstrated subnanomolar inhibition of PI3Kδ, which was in agreement with the value reported by Shokat, and no inhibition of BTK. Replacing the methylene-linked quinazolinone group of SW13 with a 2-indanyl in 9 increased BTK activity to 67 nM while maintaining single-digit nanomolar activity against PI3Kδ. Although not as dramatic, similar results were observed for 10 and 11. Interestingly, the corresponding methoxy-containing analogues 6−8 had significantly attenuated activity against both kinases compared to 9−11, signifying that either the phenolic group was making important interactions with both targets or the methoxy group is sterically encumbered.
Having identified a scaffold that provided dual activity against both BTK and PI3Kδ, we next turned our attention toward evaluating the C-3 aryl group. As outlined in Scheme 2, C-3 modifications were prepared by alkylating pyrazolopyrimidine 3 with indan-2-yl methanesulfonate (12) . Suzuki coupling of the 
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Interestingly, removal of the fluoro-substituent had little effect on BTK affinity but attenuated PI3Kδ activity as demonstrated by comparing 9 and 14, Table 2 . Replacing the fluoro-substituent with a chloro-substituent (15) maintained moderate BTK activity while low nanomolar activity against PI3Kδ was restored, suggesting that substitution at the meta-position may be important for proper binding to PI3Kδ. This was further demonstrated when the halo-substituent was moved to the paraposition as in 16−17. In these examples, the PI3Kδ IC 50 increased roughly 8-fold, compared to their corresponding meta-substituted variants. To our surprise, the BTK IC 50 decreased nearly 10-fold in the same examples. These were our first analogues where the potency against BTK was greater than PI3Kδ. Increasing the size of the para-substituent to bromo (18) maintained BTK activity while enhancing PI3Kδ activity.
At this point, compound 18 was the most potent dual BTK, PI3Kδ inhibitor we had made thus far. Replacing the para-bromo group with a methyl or methoxy group resulted in attenuated activity against both targets as observed in 19 and 20, respectively. This was somewhat surprising for BTK as we predicted that a pocket that could accommodate the phenyl ether of PCI-29732 and the bromo group of 18 would be more than large enough to accept moderately sized substituents such as methyl or methoxy. This suggests that electronic effects on the aryl-ring may also contribute given that electron donating groups such as the methoxy group in 20 appear to be weaker BTK binders than the corresponding electron withdrawing groups. Furthermore, in the case of 20, the disruption of an internal hydrogen bond between the hydroxy and methoxy groups would also decrease binding affinity. Substituting both the meta-and para-positions as in 21 affords a compound with good BTK activity and excellent activity against PI3Kδ. Inspired by the in vitro potency, we quickly sought to evaluate our compounds in vivo. Selected compounds from our initial hits were administered to mice and their pharmacokinetic (PK) properties are summarized in Table 3 .
Unfortunately, all of our initial compounds performed poorly in mouse PK studies. The results suggested that the compounds generally suffered from high clearance and poor bioavailability. Interestingly, 20 had markedly lower clearance and a longer oral half-life compared to the other examples. Appreciating that phenolic groups could have the propensity to form O-linked conjugates in vivo, we speculated whether the hydroxyl was a primary contributor to the high clearance. The results for 18 and 20 would appear to corroborate this as the relative size of the adjacent group could decrease the relative rate of bioconjugation.
In an effort to elucidate the factors that contributed to our in vivo PK results, we tested the compounds in a series of in vitro metabolism studies for oxidation and glucuronidation stability, Table 4 .
The in vitro metabolism assays were performed with either mouse or human liver microsomes, which were supplemented with either NADPH to assess oxidative stability (mLM or hLM) or UDP-glucuronic acid to assess glucuronidation transferase stability (mUGT or hUGT). The results demonstrate high turnover of substrate and identify glucuronidation as a clearance pathway in vitro for compounds 9, 18, 20, and 21. Moreover, in mice, glucuronidation appeared to be the primary clearance pathway for compounds 9, 18, and 21 given that the levels of parent remaining were significantly higher under NADPH conditions compared to when UDP-glucuronic acid was added. In human liver microsomes, phase II metabolism appeared to be more significant than oxidative metabolism for all compounds tested.
Armed with this information we set out to improve on our initial hits with a directed effort to replace the problematic phenolic group. Following Scheme 2, we prepared a series of analogues in which the hydroxy-group was replaced with either a fluoroor amino-group, Table 5 . In comparison to 21, trifluorophenyl-containing analogue, 22, had significantly decreased inhibition of both enzymes; however, stability toward bioconjugation was significantly increased. This reaffirms the importance of the phenol with respect to BTK and PI3Kδ affinity, while demonstrating its liability to PK properties. Compounds 23−25 had substituted anilines in place of the phenol. These compounds showed improvement in BTK inhibition but continued to lack significant activity against PI3Kδ. When reviewing our initial SAR, we noticed that 20 had over a 5-fold improvement in PI3Kδ IC 50 compared to 19. This suggested to us that the methoxy-group was able to adopt a favorable conformation when binding to PI3Kδ. We prepared cyclic amino-ether 26 in an effort to tie-back the methylene group and preclude bond rotation. Gratifyingly, we observed nearly a 3-fold improvement in PI3Kδ inhibition with a moderate decrease in BTK inhibition and excellent stability toward UGT 
Letter activity. Adding a meta-fluoro-substituent afforded 27, which further enhanced the PI3Kδ inhibition while maintaining BTK inhibition and UGT stability. Compound 27 was our first nonphenol containing analogue that achieved dual-inhibition at or below IC 50 = 100 nM but more importantly demonstrated low levels of glucuronidation in our in vitro mouse UGT assay. The indole-containing analogue 28 had reduced PI3Kδ affinity while the benzimidazole containing analogue 29 lost nearly all activity against BTK compared to 27.
Having identified a potential substitute for the phenol, we next turned our attention toward improving the biochemical affinity against both BTK and PI3Kδ. In a similar manner to Scheme 1, we prepared optimized compounds 30−33, Table 6 . Substituting the indane of 27 with a tetralin affords (±)-30. Compared to 27, the larger ring had little effect on PI3Kδ binding but diminished affinity for BTK. Adding a fluoro-substituent on the aryl portion of the indane reduced affinity for both enzymes even further as observed in compound (±)-31. Amino-substitutions such as in compounds 32 and 33 also had little effect on PI3Kδ binding but now provided improved BTK results compared to the unsubstituted analogues 27 and 30, respectively. Comparing docked poses of 27 and 32 suggested that the improvements in BTK binding were the result of an additional H-bond interaction with Asn484, Figure 3 . Interestingly, both enantiomers of 32 exhibited excellent dual-inhibition of BTK and PI3Kδ, whereas (+)-33 had a 9-fold increase in BTK IC 50 compared to (−)-33.
We selected both enantiomers of 32 for additional biochemical profiling in an effort to distinguish between the two molecules, Table 7 . In a lipid kinase panel consisting of the various PI3K isoforms, (−)-32 was more selective than (+)-32 when compared against PI3Kδ. The opposite trend was observed for the two nonreceptor tyrosine kinases. When comparing against BTK, (+)-32 was slightly more selective against BMX, nonreceptor tyrosine kinase, which is closely related to BTK, and TEC versus (−)-32. In general, both compounds performed similarly in our full metabolism panel, which included rat (rLM) and dog (dLM) liver microsomes. The only clear distinction was that (+)-32 appeared to be more stable than (−)-32 to oxidative metabolism in mouse and dog liver microsomes. More importantly, these analogues showed good stability in the low affinity albeit high capacity glucuronidation assay. Lastly, both enantiomers were equal in regards to P-gp efflux potential on Caco-2 cells and mouse plasma protein binding.
Although both compounds appear to be more stable in rats, as well as dogs, we chose to continue our studies in mice. First, we wanted to determine the extent of our optimizations in comparison to our previous analogues tested for mouse PK. Second, we were anticipating that mice would be the primary species for our preclinical in vivo efficacy models. Table 8 summarizes the mouse PK properties for (+)-32 and (−)-32. Compared to our initial leads, both compounds exhibited lower systemic clearance, which may largely be due to their improved stability against glucuronidation. Moreover, oral exposures increased over 125-fold for both compounds compared to 21, resulting in oral bioavailabilities of 57% and 40% for (+)-32 and (−)-32, respectively.
We were pleased to observe that the systematic optimizations starting from SW13 and our initial hits resulted in a set of 
